Rhodospirillum rubrum in the dark carries out a respiratory metabolism; the oxidation, b y 03, of a n organic substrate provides energy which is needed for anabolic processes. I n strong light the metabolism is strictly photosynthetic; the organic snbstrate donates hydrogen to a n oxidizing substance produced in photosynthesis, a n d no u p t a k e of oxygen is observed. These processes have been discussed in detail in an earlier paper (CLAYTO~ 1955); one can anticipate t h a t in weak light a competition will exist between photosynthetic and respiratory metabolism: hydrogen from the substrate will be transferred p a r t l y to the oxidizing substance of photosynthesis a n d partly to molecular oxygen. The purpose of the present paper is to describe this competition quantitatively.
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I. Methods, Treatment of Results.
To determine simultaneously the rates of photosynthesis and respiration, one must measure the rates of substrate disappearance and oxygen uptake in metabolizing suspensions of the bacteria.
Two complications immediately present themselves. First, there is a possibility that oxygen might be utilized in ways other than through the oxidation of the substrafe (e. g., reduced by the reducing substance formed in photosynthesis). It has been demonstrated (CT.~:ZTO~ 1955 ) that this possibility can be discounted, provided that endogenous respiration has been attenuated by a suitable starving regime (48 hours' aeration without substrate).
A second complication arises if the overall reaction for respiration is altered when photosynthesis occurs simultaneously. A check on this possibility is obtained ff one measures not only the rates of substrate disappearance and oxygen uptake, but also the rate at which C02 is assimilated or evolved, and the amount of organic carbon in the residual extracellular liquid (after the substrate has been exhausted). It was found that this second complication did not arise. In every case there was no residual organic carbon, and the exchanges of CO 2 and 0.~ which attended the utilization of a given quantity of substra~e could be compounded from the overall reactions for photosynthesis and respiration, as determined separately.
Suitable experimental techniques, based upon W~v~o -B~c~o ]~ manometry, have been described fully in an earlier paper (CL~u 1955) . The independent variables in these experiments were intensity of illumination a n d oxygen tension. At intensities of light below the saturating value, the rate of Archiv f. ~Iikrobiologie, Bd. 22. 14 photosynthesis is limited by the rate at which light quanta are absorbed in the organism. Similarly, at oxygen tensions below a saturating value, the rate of oxygen uptake is limited by the rate at whic h molecules of the gas diffuse from the vapor phase Oxygen tension was controlled by including various percentages of air in the gas phases of the reaction vessels; the fl'equeney of shaking of the vessel was controlled to within 0.5%. This rather crude method of adjusting the oxygen tension is open to two objections. First, the aeration of the liquid was not sufficient to ensure that the dissolved oxygen was practically in equilibrium with the gas phase, when oxygen was being removed by the bacteria. Second, an appreciable fraction of the oxygen provided initially (up to 30%) was utilized during the course of an experiment, so that the data for a single experiment represented averages in a changing situation (since subs/rate concentration was not a limiting factor, the exhaustion of subs/rate did not lead to a similar objection). To meet these objections, an auxiliary technique was employed bywhich the oxygen tension couldbe controlled more satisfactorily. The author is indebted to Commander Benjamin R. P~-Taiv., who developed the instrumentation and executed all of the experiments involving this auxiliary method. In this method, illustrated in Fig. 1 , the suspension of bacteria was held in a sintered glass funnel through which a given mixture of gases could be bubbled. Owing %o the fine porosity of the funnel, the aeration of the suspension was much more thorough than in the Warburg vessels.
Furthermore, the composition of the gas (N~ -k air) remained constant with the passage of time. The utilization of substrate (sodium suecinate in this case) was followed by means of a Pn meter which measured the attendant rise in alkalinity; the Pn was held constant ttrrough the addition of HC1, and the rate of substrafe decomposition was equated to the rate at which acid was added. By employing various mixtures of air and nitrogen, an "oxygen saturation curve" could be obtained. The preparation was kept in the dark, so that the rate of substrate decomposition reflected the rate of respiratory metabolism. Curves obtained in this manner were identical, within the limits os experimental accuracy, with corresponding curves obtained by the Warburg technique, as can be seen in Fig. 2 . In this figure the ordinate "r" is the rate of substrate decomposition divided by the maximum rate (with 100% air), and the abscissa "C" is the oxygen concentration divided by the saturating oxygen concentration. Judging from Fig. 2 , the limitations involved in the manometric technique are not serious.
The substrate employed in all of the manometric experiments was sodium acetate.
To promote thorough aeration and to avoid excessive shading, the bacteria were suspended to a density of only 0.01 ml cells/ml suspension. The problem imposed by shading was nevertheless awkward. The absence os an abrupt break in the light saturation curves (see Fig. 3 ) indicates that over a considerable range of light intensities some of the bacteria in a reaction vessel were saturated with light while others received less than the saturating intensity.
Methods for determining the average light intensity in such suspensions have been described in an earlier paper (CLAYTOn, 1953) . By "average light intensity" we mean an integration, over the entire volume of suspension, of the local intensity Iv in the element of volume dr, thus:
provided that the bacteria are distributed uniformly in the suspension.
The light intensity which is saturating when incident upon a single "average" bacterium is determined as follows (GLAY~O~, 1953) : Data for a saturation curve are plotted, using average light intensity as the abscissa. The straight portions of the curve are extrapolated to their intersection (as in Fig. 3 ). The value of the abscissa at this intersection equals the saturating intensity we have just described.
In all subsequent references to "light intensity", we shall mean "'average light intensity".
Let us examine now the influence of shading upon the uptake of oxygen by suspensions os r~brum. Suppose that a light intensity 11 is just suffieient to prevent oxygen uptake in a single bacterium. Let two suspensions be exposed to an average intensity equM to 11: the first infinitely dilute (no shading); the second dense. Throughout the first suspension the local light intensity will be I1, and no oxygen will be consumed. In the second suspension the local light intensity will be greater than 11 in some regions and less in others. In those regions where it is less, some oxygen will be taken up. Thus a denser suspension will yield data suggesting a greater degree of respiration, at any given average light~ intensity.
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It is left to the reader to take the foregoing effect into account when evaluating the data of this article. The suspensions used were of the same density (1% by volume) in all experiments.
The results and the interpretation of a typical experiment are as follows: In the absence of oxygen, the light saturation curve (rate of substrate decomposition vs. light intensity) of Fig. 3 was obtained; the saturating light intensity for photosynthesis was found to be 3.6 arbitrary units. In the dark, the rate of substrate utilization varied with oxygen N 2 % tension as shown in Fig. 4 ; the saturating oxygen concentration corresponded to 2~/o air in the gas phase. In four reaction vessels the light intensity was 0.6 arbitrary units or 0.165 times the saturating value (I : 0.165), and the following four oxygen concentrations were employed: 1) 0% air (C ----0); 2) 10% air, or 0.42 times the saturating value (C 0.42); 3) 20% air, or 0.83 times the saturating value (C ~ 0.83); 4) 100% air, or 4.2 times the saturating value (C ~ 4.2). A fifth vessel was kept in the dark, with 100% air, and a sixth, with no air, was exposed to a succession of light intensities in the course of obtaining a light saturation curve. For these six cases, the utilization of 10 #mol acetate required various times and involved various quantities of gas exchange; these are shown in Table 1 . No residual extracellular organic carbon was found. The overall equations for respiration and photosynthesis, obtained from vessels 5 and 6, were:
CH~COOH -k 1.15 O2 -~ 1.26H20 ~-1.26C02 -k 0.74(CIt20.10) and CHsCOOH -~ 0.28H20 -~ 0.28C02 -k 1.72 (CH~O.~s), respectively. The respiratory utilization of 10 #reel acetate involved the uptake of 11.5 #reel 02. In vessel 2, 8.0 #mol of 02 were consumed; it was concluded that of the 10 #mol acetate decomposed, ( 1~--.05 ) • 10 or 7.0 #reel were decomposed through respiration, and the remahfing 3.0 #reel through photosynthesis. The anticipated evolution of C02, based upon the Competition between light and dark Metabohsm in Rhodospirillum rubrum. 199 separate overall reactions, would then be (7.0 • 1.26) -k (3.0 • .28) or 9.6 #mol, in good agreement with the observed value of 9.8 #mol. A similar treatment of the remaining data yielded the results shown in the third column of Table 2 , in which "(~/o)r" means the percent of the substrafe which was utilized in respiration. The data were also processed to yield the rate at which substrate was oxidized and the rate at which carbon was assimilated by the cells. Thus, in vessel 2 the exhaustion of was (2-~0-0)• 10 or 3.0/zmol per hour. The disappearance of oxidation 10 #reel substrate (containing 20 #g-atoms of carbon) was accompanied by the evolution of 9.8 #mol C02, so that the net carbon assimilated by the cells (in 200 minutes) was 20--9.8 or 10.2#g-atoms. The rate of c r on \--v~ / rates appear in the last two columns of Table 2 under the headings r (substrate oxidation) and r (carbon assim.), respectively.
II. Results.
The results of these investigations are presented in l~igures 5 to 11; we shall now describe these figures in turn. intensity divided by the saturating light intensity, as found in each individual experiment represented in the figure.
In Figure 6 , the abscissa is the oxygen tension, C, as defined earlier (fraction of the saturating value); the ordinate, (%)r, is the percent of the substrate utilized through respiration. The various curves pertain to different light intensities, I (fraction of saturating value). In Figure 8 we present the manner in which rate of substrate oxidation depends upon oxygen tension; each curve refers to a different intensity of illumination. At the intensity I = 0 we have the oxygen saturation curve of Fig. 2 (lower solid line in Fig. 8) . At the highest light intensities the (maximal) rate is nearly constant. The ordinate"r"isthe rate of l substrate disappearance r~ divided by the rate measured in the dark with 100% air.
In Fig. 9 and 10 are represented the effects of different light intensities on the respiratory utilization, and of different oxygen tensions on the photosynthetic utilization of the substrate, respectively. The ordinate r r of Fig. 9 is l the rate of substrate disappearance via respiration; i.e.i the product of r and (~o)r-Correspondingly, the ordinate rph of Fig. 8 , except that the rate of carbon assimilation, rather than that of substrate disappearance, is examined. The ordinate rc is the rate at which carbon is assimilated by the cells, divided by that which prevails in the dark with 100% air. Since the phototrophic utilization of a given amount of substrate leads to a greater assimilation of carbon than does its respiratory utilization, re attains values considerably greater than unity when light is present.
IIL Discussion.
The most conspicuous feature of the foregoing results is the preferential utilization of substrate through photosynthesis. At light intensities well above saturation there is no uptake of oxygen and hence no respiration, even under concentrations of oxygen far above the saturating value (as measured in the dark). This can be understood in terms of the kinetics of the reactions involving the cy~oehrome oxidases (CLAYTOn, 1955) . One of these, the "dark oxidase", mediates the transfer of hydrogen from substrate to oxygen, via bacterial cytochrome; the other ("photo-oxidase") mediates the transfer of hydrogen from substrate to the oxidizing substance "(OH)" formed in photosynthesis, again via bacterial cytochrome. If the photo-oxidase is much more active than the dark oxidase, the transfer of substrate hydrogen will proceed mainly via the former, even though the concentrations of 02 and (OH) are roughly equal. The validity of this interpretation is borne out by the findings of ~E~ and VWRNON (1954) on the relative activities of the cytochrome oxidases in purple bacteria. The photo-oxidase of R. rubrum was found by K~M~ and V~,~No~ to be much more active than the dark oxidase; the levels of activity of the two oxidases were roughly equal in the case of ~hodopseudomonas spheroides. When viewed in this light, the persistence of oxygen uptake in illuminated suspensions of R. spheroides (CLAYTOn, 1955 ) is also to be expected.
At the higher light intensities, the rate of oxidation of substr~te is depressed slightly by the presence of air (Fig. 8) ; this could be the result of toxic products of phot0-oxidations (oxygen is highly toxic to some strains of l~hodospiriUum rubrum, such as strain 4). At lower intensities of illumination this effect does not appear; if present it is masked by an increased oxidation of substrate by O 2.
The carbon assimilated per mole os substrate utilized is less in respiration than in photosynthesis, so that any displacement of the latter process by the former leads to a decrease in the rate of carbon assimilation. This effect reinforces the toxic effect of photo-oxidations; thus the curves of Fig. 11 (rate of carbon assimilation) are depressed more strongly at high oxygen tensions than the corresponding curves of Fig. 8 , to the extent that some of the curves exhibit a maximum at an intermediate oxygen tension. These results are of interest in the interpretation of aerotactic responses of R. rubrum, which will be treated in a forthcoming article.
Summary.
In the presence of both light and air, the metabolism of Rhodospirillum rubrum can be partly respiratory and partly photosynthetic. The relative rates of these modes of metabolism have been measured at a variety of light intensities and oxygen tensions.
